The recent availability of crystal structures for several diverse cytochromes P450 (CYPs) offers the possibility to perform an up-todate comparative analysis to identify the degree of structure conservation among this superfamily of enzymes specially relevant for their involvement in drug metabolism and toxicity. A set of 9 CYPs sharing between 10% and 27% sequence identity was selected, including 7 class I (CYP 101, 107, 108, 119, 121, 51, and 55) and two class II (CYP 102, and 2C5) structures. After obtaining a multiprotein structure superimposition, a structure-based sequence alignment was derived. Mapping the level of threedimensional structural conservation onto the sequence alignment revealed that over 28% of the alignment positions have the C ␣ carbons of their residues within a root-mean-square deviation (RMSD) of 2 Å. This degree of structure conservation is found to be generally preserved, even when the structure undergoes dramatic conformational changes. Performing the analysis on 4 members of the CYP2 family (CYP 2B4, 2C5, 2C8, and 2C9), the percentage of alignment positions within 2 Å RMSD amounted to 73%, increasing to over 85% when only structures in a closed conformation are considered. The present findings suggest that it should be plausible to derive models of overall good quality for the major CYP2 metabolizing forms (CYP 2A6, 2C19, 2D6, and 2E1), whereas high levels of uncertainty are still likely to be expected in models for the remaining 2 major P450 metabolizing forms (CYP 1A2 and 3A4), with the corresponding implications for their potential applicability in drug design activities. Proteins 2005;58:596 -609.
INTRODUCTION
Cytochromes P450 (CYPs) constitute a superfamily of heme-thiolate enzymes that catalyze the monooxygenation of a variety of hydrophobic substrates. [1] [2] [3] The catalytic center in CYPs is located around a porphyrin-heme complex confined within different amino acid sequences, which alter the topography of the active site and allow the binding of considerably diverse substrates. 4, 5 The monooxygenation reactions require a redox partner to transfer electrons from reduced pyridine nucleotides to the P450 for the binding and activation of the iron-bound molecular oxygen. 6 Depending on the nature of the redox partner, CYPs can be divided into 4 different classes. Class I enzymes are found in most bacteria and in the mitochondrial membranes of eukaryotes, and require a flavin adenine dinucleotide (FAD)-containing reductase and an iron-sulfur protein. Class II enzymes comprise the membrane-bound eukaryotic microsomal enzymes and interact directly with a reductase-containing FAD and flavin mononucleotide (FMN). Class III enzymes do not require an exogenous source of electrons, as they already employ oxygen-containing substrates. Class IV enzymes receive electrons directly from reduced pyridine nucleotides, without the intervention of an electron carrier. The need to accommodate a large variety of substrates of various shapes and sizes, and to interact with different redox partners confers to the superfamily of P450 enzymes a significant degree of sequence and structural variability. [7] [8] [9] In the last few years, an increasing number of P450 crystal structures has been determined and deposited in the Protein Data Bank (PDB). 10 This wealth of structural data has resulted in comparative analyses between P450 structures, which have revealed that despite having sequence identities in the range of 10 -30%, 11 these proteins possess the same tertiary structure and have a wellconserved heme-binding structural core. 12, 13 Cytochrome P450 enzymes are pivotal in drug metabolism and toxicity, 14 and thus represent a major concern to the pharmaceutical industry for successfully developing a drug. 15 The availability of P450 structures has opened an avenue to address these important issues through P450 modeling, 16 -20 especially since the first crystal structure of a mammalian P450 became accessible. 21 Despite the recent significant advances in P450 structure determination, and given the low sequence identities across families, deriving overall quality models of CYPs for which no member of the family has yet been crystallized remains a challenging task. 20 In this respect, comparative analyses of P450 structures are very valuable, because they can help mapping the expected local accuracy of cytochrome P450 models. In particular, previous comparative analyses 8 identified a well-conserved structural core around the heme consisting of a 4-helix bundle of helices D, E, I, and L, and helices J and K. Because of the presence of several sequence markers, the sequence alignment in the regions comprising the structural core can be established unambiguously; thus, good local quality should be expected for any P450 model. In contrast, high variability is found in the surface helices A, BЈ, F, G, and H, thought to be involved in substrate recruitment and binding. 8 These regions are significantly different in amino acid sequence and length, and have an inherent structural flexibility. Consequently, modeling these regions with reasonable accuracy is still difficult. 20 Key to a comparative analysis of protein structures is the method used to superimpose structures and the metric applied to quantify the degree of global and local similarity between structures. A large variety of methods exist for superimposing protein structures and evaluating their global structural similarity. [22] [23] [24] Some of them have been designed more toward identifying local structural similarities [25] [26] [27] [28] [29] and performing postsuperposition analyses that allow the visual detection of common structural motifs between related proteins. 30, 31 These analyses are particularly relevant for the comparative modeling of proteins, because they can provide important information to project the local quality of the models.
With the current availability of representative structures for several P450 domains, the present work aims at performing a comparative analysis of a set of 9 diverse P450 structures to derive a structure-based sequence alignment from which both the global and local levels of sequence and structure conservation among them can be assessed. The results are then contrasted with those obtained when comparing some recently reported structures representative of 4 mammalian P450 members of the CYP2 family. The implications of these findings for the modeling of novel P450 domains are discussed. A description of the methods used for evaluating protein structure similarities and the degree of sequence and structure conservation at each position of a sequence alignment are given next.
MATERIALS AND METHODS Structural Similarity and Superposition
In this work, protein structure similarity is evaluated using the Gaussian-based approach implemented in the program GAPS. 32 GAPS has been already validated against other protein superimposition methods 32 and shown to obtain sensible structural superimpositions between sets of proteins having low sequence identities. 30, 32 Within a Gaussian-based approach, each atom i located at R i is represented by a Gaussian function g i as
where the coefficient ␣ i and the exponent ␤ i determine the value of its maximum height at the origin and its decay, respectively. The coefficients ␣ i are generally defined by ␣ i ϭ 0.4798*Z i
3.1027
, with Z i being the atomic number of atom i. 33 In contrast, the coefficients ␤ i depend on the userdefined extent of the Gaussian function. 32 Then, a Gaussian-based representation of the structure of a protein A, P A , can be defined as
Since the regular features of the secondary structure of a protein are clearly defined by the trace of C ␣ carbons, 34 in order to speed up calculations, only C ␣ carbons will be considered to evaluate structural similarities and derive protein superimpositions. For a C ␣ atom, the ␣ coefficient in Eq. (1) is 124.5748.
Once a Gaussian representation of the protein structure is defined, the structural similarity between two proteins A and B, S AB , is assessed by evaluating the overlap integral, Z AB , between their respective representations, P A and P B , as
which can then be normalized using a cosine-like index 35 :
The values of S AB range from 0 to 1. A value of 1 is achieved only in the limit case of identity, whereas any dissimilarity between the 2 proteins will be reflected in a value smaller than 1. Exploration of the structural similarity between a pair of proteins is performed using a systematic spherical search. 32 Basically, one of the proteins is kept fixed (the reference protein) while the target protein is systematically placed in a number of unique starting orientations about the reference protein. Then, from each starting orientation, the structural similarity between the 2 proteins [S AB in Eq. (4) ] is optimized in all translational (t) and rotational () degrees of freedom using common gradient-seeking techniques. This procedure ensures a wide and uniformly distributed exploration of the similarity landscape defined by the structural characteristics of the 2 proteins. The sampling of the search depends on the rotational step of the sphere used to define the starting orientations. In the present case, a 45°search was performed for all pairwise superimpositions. Following previous studies, 32 a Gaussian representation vanishing at 5 Å from the atom centers was used to explore the similarity space between pairs of proteins. Under this constraint, the ␤ coefficient in Eq. (1) for a C ␣ atom is 0.2851.
Finally, the structural similarity between a set of M proteins, S, can be defined as 30 S͑t,͒ ϭ 2
where A and B are any 2 proteins belonging to the protein set. A multiple protein structural superimposition was
then obtained by optimizing S in all translational (t) and rotational () degrees of freedom using the optimized pairwise superimpositions as starting orientations. In this case, the fuzziness of the Gaussian representation was reduced and a Gaussian extent of 2 Å from the atom centers was used. Under this constraint, the ␤ coefficient in Eq. (1) for a C ␣ atom is 1.7819. As for S AB , values for S can range from 0 to 1.
Positional Conservation Indices
Once a multiprotein structure superimposition has been obtained, a structure-based sequence alignment can be derived. Structure and sequence positional conservation will be evaluated only at alignment positions containing residues from all proteins in the set. At each of these alignment positions, the level of structure conservation will be assessed by calculating the root-mean-square deviation (RMSD) between the C ␣ atoms of the residues at that position. In addition, the degree of sequence conservation will also be determined using an information-theoretical approach. 36, 37 Within this approach, the entropy, E I , at each position, I, of a sequence alignment between M proteins is defined as
where i I and p i I are, respectively, the probability and the population of each amino acid, i, in position, I, of a sequence alignment. This entropy was originally proposed as a measure of the average information per symbol contained in a message, 38 but the concept can be applied as well to measure sequence variability by quantitatively describing the spreading of the amino acid distribution in each position of a sequence alignment. The values of E I range between 0, reflecting full sequence identity, and a maximum number, E max , reflecting complete sequence variability. 
RESULTS AND DISCUSSION
The set of CYPs analyzed in this work is listed in Table I 49 and 2C9. 50 The first 9 structures are representative of the sequence and structural diversity found in P450s and will be the primary focus of this study. A comparative analysis of these 9 structures should provide a good indication of the extent and conservation of the common structural core among the entire superfamily. The last 4 structures belong to the CYP2 family and offer the possibility to analyze the expected degree of conservation within a class II P450 family and discuss the consequences for the homology modeling of other closely related members of the family. For historical reasons, the crystal structure of the bacterial CYP101 enzyme (1phc) was taken as the reference structure onto which the other structures were superimposed considering C ␣ carbons only. Once optimal pairwise superimpositions were obtained, all structures were then allowed to modify their relative orientation to maximize the overlap between all 9 proteins. That generated the final multiprotein structural superimposition from which a structure-based sequence alignment was then derived.
The pairwise structural similarities and sequence identities obtained from the multiprotein structural superimposition and structure-based sequence alignment, respectively, are given in Table II . As can be observed, sequence identities between protein pairs are all found within the so-called twilight zone, between 10% and 27%, although it is worth pointing out that sequence identities derived from structure-based sequence alignments are usually slightly lower than those obtained from sequence alignments based solely on sequence conservation. 12 In spite of these low sequence identity values, significant structural overlap is obtained, with pairwise similarity values ranging between 53% and 76%. Interestingly, some of the structural similarity values collected in Table II agree well with previously reported similarities between pairs of P450 structures, thus confirming the validity of the Gaussianbased approach to protein structure similarity used in this work. For example, the structure of CYP121 (1n40) was found to be most similar to CYP107 (1oxa), in good agreement with a comparative analysis done by other means, 43 and the structure of CYP2C5 (1dt6) was found to be most similar to CYP102 (2bmh), reflecting the findings from previous analyses. 47 To provide a more visual impression of the structural resemblance between all 9 P450 structures as measured from the Gaussian-based approach used in this work, a principal component analysis of the pairwise structural similarity values given in Table II is presented in Figure 1 . As can be observed, 3 clusters are clearly formed in the space described by the first 2 principal components representing 58% of the total variance. The most populated cluster contains all class I CYPs, with the exception of CYP51 (1e9x), which appears completely discriminated from the other structures. For the remainder of the article, this well-clustered set of 6 class I CYPs will be referred to as the class I* set, indicating that the structure of CYP51 (1e9x) is not included in the set. In fact, the CYP51 structure (1e9x) has been already reported to have striking structural differences with respect to other P450 structures determined, with a bent I helix in its N-terminal site and an open conformation of the BC loop. 44 Despite these obvious structural alterations, it was decided to keep CYP51 (1e9x) in the study in order to identify the minimum set of positions that remain structurally conserved even when the P450 structure undergoes dramatic conformational changes. The third cluster is formed by the 2 class II CYPs, 102 (2bmh) and 2C5 (1dt6). This result reflects the fact that, despite being a bacterial enzyme, CYP102 was originally proposed as the most adequate prototype for microsomal CYPs 51 and, in the absence of mammalian P450 structures, was generally used as the 
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preferred template structure for homology modeling of mammalian sequences. 52 The structure-based sequence alignment derived from the optimized multiprotein structural superimposition is shown in Figure 2 . The ordering of the CYPs in the alignment reflects the clustering obtained in Figure 1 , with the 6 P450 enzymes of the class I* set first, then the singleton formed by CYP51, and finally the 2 class II CYPs. Since the aim is to incorporate structural information in the sequence alignment to establish a direct connection between amino acid sequences and their relative position in three-dimensional (3D) space, all sequences were directly extracted from the structure files in the PDB. Therefore, some of the sequences may not be complete, as some highly variable structural features could not be resolved satisfactorily and are consequently missing in some of the PDB structure files. For example, this is the case for the FG loop in CYP108 (1cpt) and CYP2C5 (1dt6). In order to include 3D structural information in the sequence alignment, each alignment position in Figure 2 has been colored according to some ranges of RMSD values for the C ␣ carbons corresponding to the amino acids assigned to that position. This way of presenting sequence alignments allows for locating those regions where the assignment of amino acids to a given alignment position is tightly linked to having those amino acids in close proximity in 3D space, representing a simple illustrative means of directly identifying the most structurally conserved regions among all proteins. It maybe worth stressing at this point that the coloring of the alignment positions in Figure 2 reflects the local structural conservation of the amino acids assigned to each alignment position as they are found in 3D space in the optimized global multiprotein structural superimposition. Identification of common substructure blocks would result in a different picture in several regions, which would complement the structural information contained in Figure 2 from a more local perspective. 13 As can be extracted from the structure-based sequence alignment presented in Figure 2 , the most structurally conserved regions comprise helix E, the C-terminal half of helix I, helices J and K, the ␤6-1 and ␤1-3 sheets, helices KЈ and KЉ, the Cys-pocket, helix L, and the ␤3-2 sheet. Other regions also found to be relatively well conserved structurally are located in the ␤1-2 sheet, helices B and D, the ␤3-1 and ␤1-4 sheets, and the Meander. Finally, the main secondary structure elements found in general to be structurally most poorly conserved are helices A, BЈ, C, CЈ, F, G, and H, as well as the N-terminal part of helix I. Overall, 21, 86, 143, 181, and 200 alignment positions, out of a total of 498, were found to have the C ␣ carbon atoms corresponding to the aligned residues within 1.0, 1.5, 2.0, 2.5, and 3.0 Å RMSD, respectively. Taking arbitrarily an RMSD value of 2 Å as an acceptable level of spatial conservation (all alignment positions with shaded background in Fig. 2 ), this means that around 30% of a P450 structure is found to be generally well preserved structurally within this superfamily. On this basis, this set of 143 residues will be referred to as the "structural core" in the remainder of the article.
These findings can be better analyzed visually in 3D space in Figure 3 , where each C ␣ carbon in the CYP101 structure (1phc) has been colored according to the RMSD value of the sequence alignment position to which it has been assigned. Nonaligned positions were arbitrarily assigned an RMSD value of 10 Å. The picture reveals clearly that the most structurally conserved regions are mainly located around the heme group and the proximal site of the P450 enzyme forming two interaction clusters, one comprising the ␤1-2 sheet, helix B, the ␤6-1 and ␤1-3 sheets, helices KЈ and KЉ, and the Cys-pocket, and the other containing helices D and E, the C-terminal half of helix I, and helices J, K and L. The spatially well conserved proximal surface (conserved even when the protein undergoes dramatic conformational changes) may constitute evidence of the existence of an "evolutionary trace" of the interaction between the P450 and its redox partner. [53] [54] [55] In contrast, the most variable regions are found in the distal site, consistent with those elements being involved in substrate recruitment and binding and thus inherently requiring some degree of structural flexibility. 8 In this respect, it is interesting to observe how this static picture provides a fairly good indication of the dynamic fluctuations in the backbone of a P450 structure and, in particular, the extent at which the spatial movements of the BЈ, F, and G helices are further transmitted to the adjacent secondary structure elements, namely, helices C, CЈ, H, and the N-terminal site of helix I.
At this stage, one may be tempted to suggest that the inclusion of the open conformation in CYP51 (1e9x) is perhaps strongly limiting the degree of conservation (variation with number and class of structures considered) and extent (number of residues involved) of the structural core identified above. In order to investigate this aspect, the structural cores defined by the subsets of P450 enzymes belonging to class I* (all class I except CYP51), class II, and class I*ϩII (all class I and II except CYP51) were compared to the one defined by the entire set (class IϩII). The results are depicted in Figure 4 , where each circle represents a position in the alignment with an RMSD value below 2 Å. A total of 204 and 166 most structurally conserved positions were identified for classes I* and II, respectively. The majority of these highly conserved positions are shared between these two sets but some clear differences are also noticeable. These differences are particularly localized in the high degree of 3D spatial conservation observed in helices A and B and throughout the regions between helices K and KЈ in the class I* set, and in helices C and H, and the C-terminal site of helix G in the class II set. When these 2 sets are combined (class I*ϩII set), the number of most structurally conserved positions is reduced to 159. The distribution of these positions reflects mainly the existing commonalities between the two sets but also, to a much lesser extent, the relative number of structures contributing from the two sets to the combined set. Thus, as a result of the higher weight of the class I* structures in the combined set, the latter effect is observed in the few positions retained in helix B and the slight reduction in structural conservation in helices C, D, E, G, and H. Finally, when CYP51 is included in the analysis (class IϩII set), a total of 143 positions are found within 2 Å RMSD (see also shaded positions in Fig. 2 ). It is remarkable to observe that the distribution obtained for the class I*ϩII set is essentially retained in the complete set. Only 16 positions have been lost by the addition of a structure showing striking conformational changes with respect to the other structures. These positions are concentrated in helices C, H, and the N-terminal site of helix I, consistent with those elements involved in the dynamics of P450 structures identified above (see Fig. 3 ).
Having examined the extent and degree of structure conservation among the 9 diverse P450 structures, the analysis turns now to investigating the existence and extent of local levels of sequence conservation and the correlation with the observed degree of structural conservation. To this aim, entropy values, expressed in terms of sequence variability indices (V I ), were plotted against RMSD values obtained at each position along the sequence alignment. The results are presented in Figure 5 . As can be seen, the clear increase in structural conservation achieved within the different secondary structure elements is not accompanied by a corresponding complementary decrease in sequence variability. This is not surprising, given the overall low sequence identities between the different P450 enzymes (see Table II ). However, a tendency toward lower levels of sequence variability is observed in the most structurally conserved regions. In order to locate precisely where these positions are, positions with a sequence variability index lower than 3 have been marked (*) in Figure 2 . These positions can be used as sequence markers to assist in obtaining the sequence alignment of other CYPs from different families, a step of key importance in the process of deriving quality structural models of cytochromes P450 by homology to existing structures. Fig. 3 . Structure of CYP101 (1phc) with each C ␣ carbon colored according to the RMSD value of the sequence alignment position to which it has been assigned to (see Fig. 2 ). The heme group is depicted in red solid bonds, with a sphere locating the central Fe atom. Values in the color spectrum reflect the degree of structural conservation, with blue and red being the two limit cases of maximum and minimum spatial variability among the structures of 9 diverse cytochromes P450, respectively.
Unfortunately, as noted in Figure 5 , high sequence conservation is not always correlated with high structure conservation. This is better reflected in Figure 6 , where sequence variability has been plotted against structural conservation at the 498 positions of the structure-based sequence alignment. As can be observed, no correlation exists between sequence and structure conservation, points covering almost uniformly the entire sequence-structure variability space. A dotted rectangle encloses the 60 positions having sequence variability index below 3. Among those, 39 positions have their residues placed in 3D space within 2 Å RMSD. The remaining structurally less localized 21 positions are located mainly at the edges of well conserved secondary structure elements, thus justifying their susceptibility to larger spatial variations (see Fig. 2 ). In contrast, a dashed rectangle encloses the set of 34 ) and structure conservation (RMSD) along the sequence alignment of 9 diverse cytochromes P450. The approximate location of the main secondary structure elements is also given.
positions having high sequence variability (variability index higher than 5) but high structural conservation as well (RMSD values lower than 2 Å). For the sake of clarity, these positions have also been marked (∧) in Figure 2 , where they can be found within the most structurally conserved regions often next to some of the positions with lowest sequence variability. In this respect, it has been recommended the use of average conservation indices over a window of positions in order to smooth out the often abrupt variations in positional indices and be able to detect consensus sequence motifs, which are generally more informative than the identification of conserved isolated positions. 37 To this aim, average conservation indices were calculated over different window sizes (w ϭ 3, 6, 9, and 12) at those alignment positions fully occupied within the range defined by the window. In each case, the alignment position with the lowest average sequence variability index within each of the main secondary structure elements was stored, together with its corresponding average rmsd value. The results are plotted in Figure 7 , where the lowest average entropy value found for a window of 3 alignment positions can be compared with the value obtained for the most conserved isolated position at each secondary structure element. In general, averaging of positional conservation indices results consistently in a significant increase of the lowest sequence variability found within each of the main structural elements. For example, within the Meander region the most conserved isolated position was position 411, with a sequence variability index of 1.4174 reflecting a consensus R residue. When averaging over a window of 3 positions, the lowest average sequence variability index (4.0311) is obtained at position 406, which contains within a 3-position window the consensus sequence motif PXXF (see Fig. 2 ). In addition, the radius of each circle in Figure 7 reflects the value of the (average) RMSD at the corresponding alignment position, providing an illustrative means for comparing the structural conservation among the different secondary structure elements. On this basis, one can clearly extract that the best consensus sequence and structure conservation over 7-residue segments is located in the Cys-pocket region and helices I, K, KЈ, and L. In contrast, the highest spatial variability can be found in the regions defined by helices A, BЈ, F, G, and H, in good agreement with the findings presented above. However, it should be stressed that some of these regions may be locally superimposable but are found displaced to some extent after the global multiple protein superposition due to concerted movements of loops and secondary structure elements. As highlighted above, performing the same analysis on individual substructure elements would allow for identifying local patterns of sequence and structure conservation irrespective of their relative global disposition. 13 Ordering of all alignment positions according to the average sequence variability index over a window of w positions provides a ranking of all (2w ϩ 1)-residue segments. A sequence variability index below 2.0000 in the original isolated position is then taken as a threshold for the assignment of a consensus residue to an alignment position within a segment, an X residue being assigned otherwise. A segment is considered a consensus sequence motif if more than one consensus residue is found within the segment. On the basis of these criteria, Table III collects the top 4 consensus sequence motifs identified when averaging the positional conservation indices over a window of 3 positions, and the top motifs when expanded windows of 6, 9, and 12 positions are considered. Also given in Table III with previous recommendations. 37 These include the wellrecognized EXXR motif at the C-terminal end of helix K, the CXGXXLA motif in the Cys-pocket and the AGXXT motif in helix I, comprising some of the absolutely conserved residues among all CYPs, and the DXXXF motif in helix KЈ. Apart from their low average sequence variability, all these motifs share a high structure conservation, with average RMSD values between 0.68 and 1.21 Å. Enlarging the window size allows for identifying longer consensus sequence motifs within the region formed by the Cys-pocket and helix L and within helix I, which are extensions of the motifs identified previously with shorter window sizes. In particular, a 17-residue motif, FGXGXHX-CXGXXLAXXE, is identified in the Cys-pocket/␣L region when the averaging is performed over a window of 9 positions, and a 21-residue motif, AGXXTXXXXXXXXXXX-LXXXP, is located in helix I when the averaging is done over a window of 12 positions. Despite their length, both motifs are found to be structurally well conserved, with average RMSD values of 0.81 and 1.25 Å, respectively.
In view of the present findings, it is also worth stressing their potential implications for modeling by homology the active site of novel diverse CYPs with sequence identities within the twilight zone and for which no experimental structure is available yet in order to be able to assess the scope of applicability of the models for drug design purposes. To this aim, the approximate location of the wellrecognized 6 substrate recognition sites (SRSs) 56 has been also added in the structure-based sequence alignment of Figure 2 . With respect to getting the sequence alignment right for the residues covered within each SRS, only SRS2 and SRS3 located at the C-terminal end of helix F and N-terminal end of helix G, respectively, could be problematic in this respect, as no clear sequence markers are found in the vicinities of these regions. However, even though the correct sequence alignment could be derived for the remaining SRSs, the expected quality of the structural model in these regions is still questionable, with average rmsd values for the C ␣ carbons of the residues within those regions in the range of 2 to 4 Å.
Finally, it may be worth comparing the alignment derived in the present work ( Fig. 2) with other multiple sequence alignments available for this set of CYPs. To this aim, it is remarkable to notice that, despite using a completely different superposition method and similarity metric, the structure-based sequence alignment available Also given are the location of the motif and the average entropy (expressed as V
I
) and RMSD values at the central position (i). The absolutely conserved residues are highlighted in bold.
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from the HOMSTRAD database 57 agrees well with the alignment presented here. This is particularly reflected by the fact that the alignment of the structural core, as defined in this work, shows a perfect match in 98% of its alignment positions (this is, 140 out of the 143 alignment positions shaded in Fig. 2 ). The differences between the 2 alignments are thus essentially concentrated in the structurally variable regions highlighted previously, including some of the substrate recognition sites. In this respect, exactly the same alignment is derived in the regions defining SRS4 and SRS6. However, some minor differences are identified in SRS1, SRS3, and SRS5, and significant variations are found in SRS2, which reinforces the statement made above about the expected quality of any structural model derived for these regions. In contrast, comparison with a purely sequence-based multiple sequence alignment 58 reveals that only 75% of the structural core (i.e., 107 out of the 143 alignment positions shaded in Fig. 2 ) is aligned in the same way. In addition, major differences are found in the structurally more variable regions, with only SRS4 having exactly the same alignment among all substrate recognition sites. This strongly emphasizes the need for structural information and the relevance of deriving structure-based sequence alignments in this particular family of enzymes.
Comparative Analysis of CYP 2B4, 2C5, 2C8, and 2C9
The recent determination of crystal structures for four mammalian P450s of the CYP2 family (namely, 2B4, 2C5, 2C8, and 2C9) offers an unique opportunity to perform a comparative analysis of representative structures of a class II P450 family (see Table I ). In addition, because of its association with the metabolism of drugs in man, the availability of these structures represents a significant step forward toward applying structure-based approaches to drug metabolism through the modeling of the major forms of CYPs involved in these processes (namely, 1A2, 2A6, 2C9, 2C19, 2D6, 2E1, and 3A4). Accordingly, following the same protocol described above, the crystal structure of CYP2C5 (1dt6) was taken as the reference structure onto which the other structures were superimposed considering C ␣ carbons only. Once optimal pairwise superimpositions were obtained, all structures were then allowed to modify their relative orientation to maximize the overlap between all 4 proteins. That generated the final multiprotein structural superimposition from which a structure-based sequence alignment was then derived.
The pairwise structural similarities and sequence identities obtained from the multi-protein structural superimposition and structure-based sequence alignment, respectively, are given in Table IV . It is worth emphasizing that among the set of CYP2 structures, the structure of CYP2B4 (1po5) adopts an open conformation and has thus significant structural differences with the other structures. 48 This notwithstanding, structure similarity values between CYP2B4 and any member of the CYP2C subfamily are over 75%, with sequence identities around 50%. In contrast, sequence identities between the 3 CYP2C subfamily members are all around 70% or higher, with structure similarities around 90%. A comparison of the sequence identity and structural similarity ranges for the set of four CYP2 structures (46 -78% and 75-93%, respectively) with those reported previously for the set of 9 diverse P450s (10 -27% and 53-76%, respectively) justifies convincingly the inclusion of only one CYP2 structure in the previous set (CYP2C5, 1dt6) and the need for a separate, more focused, analysis of the CYP2 family.
The structure-based sequence alignment for the four CYP2 family members is presented in Figure 8 . Following the same criteria as above, all sequences were extracted directly from the PDB structure file, implying that for CYP2C5 (1dt6) the sequence for the FG loop is missing. Since all sequences have approximately the same length and given the relatively high sequence identity, comparison with other purely sequence-based multiple alignments available 21, 59 exposes, not surprisingly, only minor differences. One of them involves the alignment of the highly conserved PPGP motif at the N-terminus of CYP2 sequences. Inspection of the multiple structure superimposition unambiguously reveals a 2-residue shift of the PPGP motif in CYP2C5 with respect to the other 3 sequences. A second difference involves the alignment of helix C, where instead of a full sequence alignment, the structure-based alignment incorporates a 4-residue shift in CYP2B4. Finally, a subtle difference can be observed in the alignment of the GNFK motif located in the loop connecting the Meander and the Cys-pocket. The structure superimposition discloses the presence of an additional residue in that loop in CYP2C5.
The same coloring criteria as above were also used for the mapping of structural information in the sequence alignment. Overall, 254, 321, 345, 358, and 376 alignment positions, out of a total of 471, were found to have the C ␣ carbon atoms corresponding to the aligned residues within 1.0, 1.5, 2.0, 2.5, and 3.0 Å RMSD, respectively. Taking arbitrarily an RMSD value of 2 Å as an acceptable level of structural conservation (all alignment positions shaded in Fig. 8 ), this means that at least 73% of a P450 structure is found to be generally well preserved structurally within the CYP2 family, even when members of this family undergo dramatic conformational changes. Compared to the percentage of structure generally conserved within the P450 superfamily proposed above (ca. 30%), a value of 73% represents a significant expansion in structure conservation within a given class II P450 family. In order to be able to assess the additional coverage of structure conservation obtained for the CYP2 family, the alignment positions within 2 Å RMSD identified previously among the set of nine diverse CYPs (see Fig. 2 ) have been marked (ϩ) in Figure 8 . As can be observed, the only regions where high spatial variability is found are essentially located in helices BЈ and C, the C-terminal end of helix F, helix G, and the N-terminal site of helix I, consistent with these secondary structure elements being the ones mainly involved in the conformational changes of P450 structures. The extension of the highly variable regions identified above may have been somehow enlarged by the inclusion of the open conformation of CYP2B4 (1po5). To investigate further the extent at which inclusion of a structure with an open conformation limits the overall structure conservation found within the CYP2 family, the degree of structure conservation within the CYP2C subfamily was compared to that obtained when considering all CYP2 structures available. The results are depicted in Figure 9 , where each circle represents a position in the alignment with an RMSD value below 2 Å. Indeed, when the structure of CYP2B4 (1po5) is excluded from the analysis, the only regions identified with appreciable spatial variability are located in the BЈ helix and in the FG and HI loops. A total of 402 most structurally conserved positions were identified for the subset of 3 structures representative of the CYP2C subfamily. This represents 57 additional positions to those identified from all CYP2 structures, and extents potentially the level of overall structure conservation within the CYP2 family to over 85% for structures in a closed conformation.
The implications of these results for the homology modeling of other members of the CYP2 family are important. A degree of over 85% of structure conservation should guarantee that models of good overall quality can be derived for the CYP2 family members of the major P450 forms involved in drug metabolism, namely, CYP 2A6, 2C19, 2D6, and 2E1. 21 In addition, the local quality of the models in the 6 SRSs should also be acceptable. As derived from the conservation profile exhibited by the 3 CYP2C structures in a closed conformation (Fig. 9) , only SRS1 would retain a certain degree of spatial uncertainty. However, given the low sequence identities with members of the CYP2 family, the same degree of structural conservation cannot be guaranteed for models derived for the remaining two P450 forms of key relevance in drug metabolism, namely, CYP1A2 and CYP3A4. In these cases, the availability of representative structures for the CYP1 and CYP3 families will be an important milestone towards developing generic and more predictive structurebased approaches to drug metabolism.
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CONCLUSIONS
Due to their key role in metabolism and detoxification processes, the superfamily of cytochromes P450 continues to generate renovating interest with a constantly increasing number of X-ray crystal structures being determined and particularly the recent availability of several representative structures of mammalian enzymes. Gaining a better understanding of the levels of structure conservation, both generically along the entire superfamily and specifically within a given family, may help addressing drug metabolism issues from a structure-based design perspective. The present study provides a precise mapping of the location and degree of structure conservation among representative structures of 9 diverse CYPs and 4 members of the CYP2 family. The results suggest that models within 2 Å RMSD in over 85% of the actual experimental structure are attainable for CYP 2A6, 2C19, 2D6, and 2E1. Together with CYP 2C9, for which representative structures are already available, 50 they complete a list of P450 forms responsible for the metabolism of over 40% of the clinically available drugs. This structural information can then be used effectively in the design and optimization of ligands devoid of affinity for these xenobiotic metabolizing enzymes. Unfortunately, the results suggest also that at present models derived for CYP 1A2 and 3A4 can be guaranteed to be within 2 Å RMSD in only around 30% of the actual experimental structure, thus currently limiting their potential applicability in drug design activities.
